Abstract. MicroRNAs (miRNAs) are a group of non-protein-coding, short single-stranded RNAs, which are considered as promising molecular markers and therapeutic targets in several cancers. The present study explored the expression patterns and functional roles of miR-202 in non-small cell lung cancer (NSCLC). The expression levels of miR-202 were determined in NSCLC tissues and cell lines using reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The functional impact of miR-202 overexpression on NSCLC cell viability, migration and invasion were evaluated using Cell Counting Kit-8 reagent and Transwell migration and invasion assays, respectively. The molecular mechanism underlying the tumor suppressive roles of miR-202 on NSCLC was examined using bioinformatics analysis, luciferase reporter assay, RT-qPCR and western blot analysis. In addition, signal transducer and activator of transcription (STAT) 3 was overexpressed to investigate the impact on miR-202-mediated tumor suppression in NSCLC. The results indicated that miR-202 was downregulated in NSCLC tissues and cell lines, and was associated with tumor node metastasis stage and lymph node metastasis. Exogenous miR-202 expression reduced NSCLC cell viability, migration and invasion. Furthermore, STAT3 was identified as a direct target gene of miR-202 in NSCLC. STAT3 overexpression improved miR-202-impaired cell viability, migration and invasion. In conclusion, the present study revealed novel anticancer effects induced by miR-202 upregulation in NSCLC, and indicated that STAT3 may be a molecular target of miR-202.
Introduction
Lung cancer is globally the most common cancer, and harbors the highest mortality and morbidity rate amongst all kinds of malignant tumors (1, 2) . An estimated 224,390 new cases and 158,080 deaths due to lung cancer are expected in the United States in 2016 (3) . Currently, environmental pollution, tobacco use, radon exposure and occupational carcinogens have been considered as risk factors for lung cancer (4) (5) (6) (7) . Non-small cell lung cancer (NSCLC), including squamous cell carcinoma, adenocarcinoma and large cell carcinoma, is the predominant form of lung cancer which accounts for ~80-85% of newly diagnosed lung cancer cases (8, 9) . Despite the combined therapy of surgery, chemotherapy, radiation therapy and targeted biologic agents, as well as significant progress in understanding the pathophysiological mechanisms in NSCLC, the prognosis for NSCLC remains poor, with a 5-year survival rate of ~11% (10, 11) . Diagnosis at advanced stage, local invasion and/or distant metastases, and a high rate of recurrence following surgery are the most important challenges in the treatment of patients with NSCLC (12, 13) . Therefore, a greater understanding of the molecular mechanisms underlying NSCLC occurrence and progression are essential for improving the diagnosis, prevention and treatment of this disease.
Recently, microRNAs (miRNAs) have been considered as promising molecular markers and therapeutic targets in several cancers, including NSCLC (14) . miRNAs are a group of non-protein-coding, single-stranded, endogenous, short RNA molecules ~19-25 nucleotides in length (15) . miRNAs can repress gene expression at the posttranscriptional level by binding to target genes at complementary sites in the 3'-untranslated regions (3'UTRs), which results in mRNA cleavage or inhibition of protein synthesis (16, 17) . Bioinformatic predictions suggest that miRNAs could regulate ~30-60% of the protein-coding genes in the human genome (18). miRNAs participate in numerous biological processes including cell proliferation, cell cycle, apoptosis, development, metabolism, invasion, migration and metastasis (19) . Several studies have reported miRNA dysregulation in a variety of malignant tumors, including bladder cancer (20) , thyroid carcinoma (21), colorectal cancer (22) , NSCLC (23) and others. In addition, miRNAs have been demonstrated to contribute to the carcinogenesis and progression of cancer (24 (25, 26) . Therefore, exploring miRNA expression and function is important to understand their roles in cancer initiation and progression, as they may be useful targets for anticancer therapy.
In the present study, miR-202 was demonstrated to be downregulated in NSCLC tissues and cell lines. Based on this novel finding, the correlation between miR-202 expression and clinicopathological features was explored. Furthermore, the roles of miR-202 on NSCLC carcinogenesis and progression were investigated. Through bioinformatics analysis and functional experiments, including luciferase reporter assay, reverse transcription polymerase chain reaction (RT-qPCR), western blotting and recombinant gene overexpression, signal transducer and activator of transcription (STAT) 3 was demonstrated as a direct target of miR-202 in NSCLC.
Materials and methods
Clinical sample collection. The present study was approved by the Ethical Committee of Yidu Central Hospital of Weifang (Qingzhou, China), and performed in compliance with the Helsinki Declaration. All participants provided written informed consent. A total of 56 fresh NSCLC tissues and paired adjacent non-cancerous tissues were obtained from patients who had undergone surgical NSCLC resection between 2011 and 2013, at Yidu Central Hospital of Weifang. Patients were diagnosed with NSCLC by histopathological analysis and did not receive local nor systemic treatment prior to the surgery. Patient clinical information is listed in Table I . Regarding the pathological evaluation of surgical specimens, the TNM stage and differentiation scores of HCC were determined in accordance with the 2009 American Joint Committee on Cancer (27) . All tissues were excised, washed with PBS (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), snap-frozen in liquid nitrogen, and stored at -80˚C until use.
Cell lines and culture conditions. Five NSCLC cell lines (SK-MES-1, H1299, SPC-A1, H520, A549), and a normal human bronchial epithelial cell line (16HBE) were purchased from the American Type Culture Collection (Manassas, VA, USA). The HEK293T cell line was acquired from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). Cells were incubated at 37˚C with 5% CO 2 in Dulbecco's modified Eagle's medium or RPMI-1640 medium, containing 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin (all reagents from Gibco; Thermo Fisher Scientific, Inc.).
RT-qPCR analysis. Total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. For miR-202 expression, first-strand cDNA was generated using a PrimeScript RT Reagent kit (Takara Biotechnology, Co., Dalian, China), and RT-qPCR was performed using a TaqMan miRNA assay kit (Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol, with U6 as an endogenous control. The cycling conditions for qPCR were as follows: 40 cycles of denaturation at 95˚C for 15 sec and annealing/extension at 60˚C for 60 sec. To quantify the STAT3 mRNA expression, total RNA was reverse transcribed into cDNA using M-MLV Reverse Transcriptase (Promega Corporation, Madison, WI, USA) and qPCR was conducted using a SYBR-Green PCR Master Mix (Takara Biotechnology, Co.) according to the manufacturer's protocol, with GADPH as an internal control. qPCR was performed as follows: 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. qPCR was performed on an Applied Biosystems Real-Time 7500 Sequence Detection System (Applied Biosystems; Thermo Fisher Scientific, Inc.). The primer sequences were as follows: miR-202 forward, 5'-CCT CCC AGG CTC ACG AGG CT-3' and reverse, 5'-GGT GCA GGT GCA CTG GTG C-3'; U6 forward, 5'-CTC GCT TCG GCA GCA CA-3' and reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3'; STAT3 forward, 5'-CCA AGG AGG AGG CAT TCG-3' and reverse, 5'-ACA TCG GCA GGT CAA TGG-3'; GAPDH forward, 5'-CGG AGT CAA CGG ATT TGG TCG TAT-3' and reverse, 5'-AGC CTT CTC CAT GGT GGT GAA GAC-3'. The relative fold expressions of miR-202 and STAT3 mRNA were calculated using the 2 -ΔΔCq method (28) .
Cell transfection. Cells were seeded into 6-well plates at a density of 60-70% confluence. Following overnight incubation, cells were transfected with miRNA mimic (50 pmol/ml), negative control (NC; 50 pmol/ml) or STAT3 overexpression Table I . Association of miR-202 expression with clinicopathological characteristics in non-small cell lung cancer patients. Cell Counting assay. CCK-8 (Dojindo, Kumamoto, Japan) reagent was used to detect cell viability. Cells were seeded in 96-well plates at a density of 2x10 3 cells/well in 100 µl culture medium. Cells were incubated at 37˚C with 5% CO 2 for 0, 24, 48, 72 or 96 h. Briefly, 10 µl CCK-8 solution was added to each well, and the plates were incubated at 37˚C for a further 2 h. The absorbance at 450 nm was detected using an ELISA plate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Each experiment was repeated at least three times.
Cell migration and invasion assays. Cells were transfected as aforementioned. A total of 24 h post-transfection, cells were harvested and resuspended to create a single cell suspension. For the cell migration assay, 5x10 4 cells in 200 µl FBS-free culture medium were added to the upper chamber of a transwell insert (8 µm pore size; BD Biosciences, San Jose, CA, USA). For the cell invasion assay, 5x10 4 cells in 200 µl FBS-free culture medium were added to the upper chamber of a Matrigel-coated insert (BD Biosciences). For both assays, the lower chambers were filled with 500 µl culture medium containing 20% FBS. Following 48 h incubation, cells remaining on the membranes of the upper chamber were removed with a cotton swab. The migrated and invaded cells were fixed with methanol and stained with 0.1% crystal violet (Beyotime Institute of Biotechnology, Haimen, China). Cells were counted using an inverted microscope (Olympus Corporation, Tokyo, Japan). Cell numbers were calculated across five random fields for each chamber.
Luciferase reporter assays. Luciferase reporter assay was performed in HEK293T cells. The wild-type and mutant type STAT3-3'UTR luciferase reporter vectors (pmirGLO-STAT3-3'UTR Wt and pmirGLO-STAT3-3'UTR Mut) were cloned by GenePharma Co., Ltd. HEK293T cells were transfected with miR-202 mimic (20 pmol) or NC (20 pmol), together with pmirGLO-STAT3-3'UTR Wt (1 µg) or pmirGLO-STAT3-3'UTR Mut (1 µg), using Lipofectamine 2000. At 48 h post-transfection, cells were washed with PBS and luciferase activities were measured using the Dual-Luciferase Reporter assay system (Promega Corporation). Firefly luciferase activities were normalized using co-transfected Renilla luciferase vectors. All experiments were performed in triplicate.
Western blot analysis. Cells were transfected as aforementioned. A total of 72 h post-transfection, cells were harvested and total cellular protein was isolated using radioimmunoprecipitation assay cell lysis buffer (Beyotime Institute of Biotechnology) supplemented with Protease Inhibitor Cocktail (Roche Diagnostics GmbH, Mannheim, Germany).
Equal amounts of protein (30 µg) were separated by 10% SDS-PAGE, transferred to polyvinylidene fluoride membranes (Bio-Rad Laboratories, Inc.) and blocked with 5% skimmed milk powder at room temperature for 1 h. Membranes were subsequently probed with primary antibodies overnight at 4˚C. The primary antibodies were a mouse anti-human STAT3 monoclonal antibody (1:1,000; sc-8019) and a mouse anti-human GADPH monoclonal antibody (1:1,000; sc-59540) (both from Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Membranes were then washed three times with TBS solution containing 0.1% Tween-20 and incubated with the goat anti-mouse horseradish peroxidase-conjugated secondary antibody (1:5,000; sc-2005; Santa Cruz Biotechnology, Inc.) at room temperature for 2 h. An enhanced chemiluminescence detection system (Amersham; GE Healthcare Life Sciences, Chalfont, UK) was used to visualize the bands and the intensity of the bands was quantified by densitometry (Image J 1.47; National Institutes of Health, Bethesda, MD, USA).
Statistical analysis.
Results were presented as the mean ± standard deviation and compared using Student's t-test or one-way analysis of variance, followed by the Student-Newman-Keuls multiple comparison test. A Chi-square test was used to investigate the association between miR-202 and the clinicopathological features of patients with HCC. SPSS 16.0 (SPSS Inc., Chicago, IL, USA) was used to perform all statistical analyses. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-202 is downregulated in NSCLC and is associated with TNM stage and lymph node metastasis.
To explore whether miR-202 expression is altered in NSCLC, miR-202 expression levels were measured in 56 pairs of NSCLC tissues and adjacent non-cancerous tissues by RT-qPCR. miR-202 expression levels were significantly reduced in NSCLC tissues compared with adjacent non-cancerous tissues (P<0.05; Fig. 1A) . Next, miR-202 expression was explored in five NSCLC cell lines (SK-MES-1, H1299, SPC-A1, H520, A549) and a normal human bronchial epithelial cell line (16HBE). miR-202 was downregulated in all five NSCLC cell lines compared with 16HBE (P<0.05; Fig. 1B) .
To investigate the clinical significance of miR-202 downregulation in NSCLC, the association between miR-202 expression and clinicopathological features was evaluated (Table I ). All NSCLC patients were divided into two groups according to the median miR-202 value: Those below the median became the low-miR-202 group and those above the median were the high-miR-202 group. Low miR-202 expression levels were significantly correlated with advanced TNM stage (P=0.004) and lymph node metastasis (P=0.016). However, miR-202 expression was not associated with other clinicopathological features in NSCLC, including gender (P=0.120), age (P=0.516), smoking status (P=0.813) and differentiation grade (P=0.719). Taken together, these findings suggested that miR-202 expression may be associated with the progression and development of NSCLC.
miR-202 reduces viability, migration and invasion of NSCLC cells in vitro.
To investigate the biological functions of miR-202, a miR-202 mimic was used to increase the expression of miR-202 in NSCLC cells. miR-202 expression was lowest in H1299 and A549 cells; these cells were therefore selected to perform functional experiments. Following transfection with the miR-202 mimic for 48 h, RT-qPCR analysis indicated that miR-202 was markedly upregulated in miR-202 mimic-transfected H1299 and A549 cells compared with NC-transfected cells (P<0.05; Fig. 2A) .
The ability of miR-202 to modulate the biological functions of NSCLC cells was explored. Analysis using a CCK-8 assay indicated that the number of viable cells was suppressed in H1299 and A549 cells transfected with miR-202 mimics, compared with NC groups (P<0.05; Fig. 2B ). To investigate whether miR-202 served a functional role in facilitating cell migration and invasion in NSCLC, cell migration and invasion assays were performed. Restoration of miR-202 expression by mimics transfection significantly impaired the migration and invasion abilities of H1299 and A549 cells compared with NC-transfected cells (Fig. 2C) . Collectively, the present results indicated that miR-202 may reduce total cell numbers, migration and invasion of NSCLC H1299 and A549 cells.
STAT3 is a direct target of miR-202.
The molecular mechanisms underlying the inhibitory effect of miR-202 on NSCLC cell viability, migration and invasion were further investigated. STAT3 was identified as a potential target of miR-202 using publicly available databases, including TargetScan (http://www.targetscan.org/) and microRNA.org (http://www. microrna.org/microrna/). Bioinformatics analysis identified two potential target regions at the 3' UTR of the STAT3 gene. To evaluate whether STAT3 was a direct target gene of miR-202, luciferase reporter plasmids were constructed including the sequences of the two predicted target regions and mutated sequences as controls (Fig. 3A) . The results indicated that miR-202 was able to significantly suppress the luciferase activities of the pmirGLO-STAT3-3'UTR Wt-transfected cells, however, luciferase activity was not suppressed in the pmirGLO-STAT3-3'UTR Mut-transfected HEK293T cells (P<0.05; Fig. 3B ), which indicates that miR-202 directly interacted with the two target regions in the 3-UTR of STAT3. RT-qPCR and western blot analysis were performed to further investigate STAT3 as a direct target gene of miR-202. The results revealed that treatment with exogenous miR-202 mimic suppressed STAT3 mRNA and protein expression levels in H1299 and A549 cells (P<0.05; Fig. 3C and D) . These results suggested that STAT3 is a direct target gene of miR-202 in H1299 and A549 NSCLC cells. Fig. 4C ). Cell migration and invasion assays also revealed that impaired migration and invasion abilities induced by miR-202 overexpression were improved by STAT3 overexpression in H1299 and A549 cells (P<0.05; Fig. 4D ). These results indicated that the tumor suppressive roles of miR-202 occur via STAT3 in H1299 and A549 NSCLC cells.
STAT3 overexpression reverses the effect of miR-
Discussion
NSCLC has a high global morbidity and mortality rate, and therefore it commands significant research interest (29) . miRNAs are a large family of small RNA molecules that negatively modulate the expression of their target genes in a sequence-specific manner (16) . The abnormal expression of miRNAs has frequently been observed in human malignancies. Several of these deregulated miRNAs are involved in tumorigenesis and tumor development, and investigate the expression and functional roles of miRNAs in NSCLC.
To our knowledge, this is the first study to evaluate the expression, the biological function and the clinical significance of miR-202 in NSCLC. miR-202 expression levels were reduced in NSCLC tissues and cell lines compared with adjacent noncancerous tissues and a normal human bronchial epithelial cell line, respectively. Statistical analysis indicated that low miR-202 expression levels were significantly correlated with advanced TNM stage and lymph node metastasis. In vitro, exogenous miR-202 expression reduced NSCLC cell viability, migration and invasion. Furthermore, STAT3 was identified as a direct target gene of miR-202, and overexpression of STAT3 reversed cell miR-202-impaired viability, migration and invasion. These findings indicated that miR-202 may be involved in NSCLC carcinogenesis and progression, and may serve as a novel therapeutic target in the therapy of this disease.
Aberrant miR-202 expression has been observed in several human cancers. miR-202 is downregulated in esophageal squamous cell carcinoma, and weak miR-202 expression is correlated with the degree of cell differentiation and lymph node metastasis (34) . Downregulation of miR-202 has also been reported in multiple myeloma (35) and hepatocellular carcinoma (36) . However, studies have produced conflicting results in osteosarcoma. Sun et al (37) demonstrated a decrease in miR-202 expression in human osteosarcoma cell lines and tissue samples, however, Lin et al (38) reported that miR-202 is highly expressed in osteosarcoma tissues. Collectively, the present results and the previous studies indicate that miR-202 may be involved in tumor occurrence and development.
miR-202 has demonstrated a tumor suppressor role in numerous human cancers. In esophageal squamous cell carcinoma, miR-202 significantly represses cell proliferation, migration and invasion, and induces cell apoptosis (34, 39) . Shen et al (35) revealed that miR-202 overexpression inhibits multiple myeloma cell growth and adhesion, and renders cells more sensitive to bortezomib. Recently, Zhang et al (36) reported that exogenous miR-202 expression suppresses cell proliferation and tumorigenicity, whereas downregulation of miR-202 enhances the cells proliferative capacity in hepatocellular carcinoma. Sun et al (37) revealed that overexpression of miR-202 suppresses osteosarcoma cell proliferation, induces cell apoptosis and decreases tumor growth in nude mice models. In the present study, miR-202 was identified as a potential tumor suppressor in NSCLC, through inhibition of tumor cell viability and metastasis. These results indicated that downregulation of miR-202 may represent a novel therapeutic mechanism for NSCLC treatment.
The underlying mechanistic action of miRNAs involves target regulation via mRNA degradation or translation suppression. Numerous miR-202 targets, including laminin α1 (39) , sex determining region Y-box 6 (40), programmed cell death 4 (38), B cell-activating factor (35) and low-density lipoprotein receptor-related protein 6 (36) have been identified, mediating the miR-202-induced effects in different biological functions. To explore the regulatory mechanism of miR-202 in NSCLC, bioinformatics analysis was performed using TargetScan and microRNA.org to predict potential direct targets of miR-202. Amongst the predicted target genes, STAT3 was selected for further investigation in the present study.
STAT3 is a signal mediator that is activated by various cytokines, growth factors and interferons (41), and is highly expressed in a several human tumor tissues and cell lines, including NSCLC (42, 43) . STAT3 expression is associated with tumor differentiation, clinical stage and lymph node metastasis in NSCLC (44) . NSCLC patients with high STAT3 expression displayed a shorter 5-year overall survival rate compared with patients with low STAT3 expression, and multivariate analysis indicated that high STAT3 expression was an independent prognostic factor for NSCLC (44) . Furthermore, previous functional studies have demonstrated that STAT3 suppression significantly inhibits cell proliferation and induces apoptosis in NSCLC cells (45) . STAT3 is also involved in promoting metastasis in several types of cancer, including pancreatic cancer (46) , breast cancer (47), prostate cancer (48) and lung cancer (49) . These findings suggest that STAT3 targeting in NSCLC may provide a novel strategy for the treatment of patients with NSCLC.
In conclusion, miR-202 may serve a critical role in the occurrence and development of NSCLC, by reducing tumor cell viability, migration and invasion. Therefore, miR-202 detection and targeting may provide novel diagnostic or therapeutic strategies, respectively, for patients with NSCLC.
